Occupational and environmental exposure to pesticides may induce harmful effects on human health by promoting the development of a wide range of disorders. Some of the most recently hypothesized mechanisms are oxidative stress and epigenetic modifications, however biological effects seem to be modulated mainly by the occurrence of genetic polymorphisms. The susceptibility to exposure can be evaluated by studying the most common polymorphisms of genes involved in the metabolism of organophosphorus compounds (cytochrome P450, glutathione transferase, acetyltransferases or paraoxonase 1). The aim of this article is to review recent literature data concerning the influence of genetic polymorphisms on pesticides-induced oxidative damage.
Introduction
In the last decades, several epidemiological and observatio [15] . Although in recent years the environmental emission of these substances has been reduced and specific guidelines regulate their use, even today a significant fraction of the population is exposed to the risk of environmental pollutants, especially as regards direct and indirect exposure to pesticidesnal studies demonstrated that occupational and environmental exposure to several factors, including benzene, heavy metals, fibers, chemicals, and pesticides may induce detrimental effects on human health by promoting the development of a wide range of disorders, including infectious diseases, immunological diseases, reproductive and neurodegenerative diseases, hematological malignancies and solid tumors [1] [2] [3] [4] [5] . Although in recent years the environmental emission of these substances has been reduced and specific guidelines regulate their use, even today a significant fraction of the population is exposed to the risk of environmental pollutants, especially as regards direct and indirect exposure to pesticides [6] .
The term pesticide includes a wide and miscellaneous category of chemicals conceived to prevent and defeat weeds or pests. Although their efficacy has contributed to the wide use, occupational and environmental exposure is a threat to the public health. Subjects professionally exposed to pesticides include farmers, gardeners and people working in the production, transportation and sales of these compounds. Some categories of workers (e.g. greenhouses workers) may be exposed to high concentrations of pesticides with potential health consequences [7, 8] .
Numerous studies confirm the hypotheses according to which exposure to pesticides can produce detrimental effect on respiratory or reproductive system and bring to the development of chronic diseases or cancer. Mutagenic mechanisms affecting oncogenes have been better investigated in vitro, although, also in humans, there is evidence of the association between exposure to pesticides and the presence of mutations in key genes responsible of cancer development and progression [9] . Still, it has been observed that the chromosome translocation t (14; 18) has a higher prevalence in farmers exposed to pesticides, with a greater risk of developing non-Hodgkin's lymphoma (NHL) [10] . Numerous pesticides have been classified by IARC in group 2A as probably carcinogenic to humans [11] . Acute exposure symptoms are easily identified, but the link between real exposure and the development of chronic pesticides-related illness is not easy to assess [5, [12] [13] [14] [15] [16] .
Recent studies have suggested oxidative stress as one of the mechanisms for the adverse health effects of pesticides exposure; the alteration of the physiological balance bring to the excess of oxidant species, resulting in severe damage to cellular components and macromolecules, especially the DNA [17] [18] [19] [20] [21] . Moreover, pesticides exposure may induce the modulation of cells functionality, especially that of the immune system (e.g. macrophages, lymphocytes, etc.), leading to the onset of a pro-inflammatory microenvironment responsible for the accumulation of genetic damages and, in turn, for the accumulation of altered cells that were not correctly removed by the immune system [22, 23] . Indeed, it is well known that macrophages alterations, and in particular the abnormal secretion of several secreted proteins, play a key role in tumorigenesis and autoimmune diseases [24] [25] [26] [27] [28] .
Furthermore, recent evidence showed that pesticides are able to induce both genetic and epigenetic alterations in the exposed individuals [29, 30] . In particular, it was demonstrated that pesticides are associated to a wide range of genetic polymorphism affecting key genes involved in the regulation of cell cycle, the redox status and drug metabolism [31, 32] . On the other hand, emerging evidence showed that pesticides may regulate gene expression through DNA methylation and microRNAs (miRNAs) de-regulation. On this matter, many bioinformatics data have been generated. Moreover, new computational approaches have been developed to identify in silico specific miRNAs or methylation hotspots associated with the presence of disease or to be used as bio-indicators of environmental exposure to pesticides [5, 30, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
Other studies demonstrated that some pesticides may induce modifications in the composition of gut microbiota and that the microbiota itself may alterthe response of the organism and the metabolism of pesticides by enhancing or inhibiting the activity of cytochrome enzymes [43] . Of note, gut microbiota is involved in the regulation of several physiological and pathological processes, including cancer [44, 45] and neurodegenerative diseases [46] . Therefore, there is raising evidence that modifications of microbiota induced by the exposure to pesticides may represent a trigger for the development of several diseases [47] .
Although oxidative stress, epigenetic modifications and gut microbiota modulation represent key pathogenic mechanisms induced by pesticides exposure, their biological effects seem to be modulated mainly by the occurrence of genetic polymorphisms. In particular, some individuals could be more susceptible to pesticide-induced oxidative stress because of the influence of genetic polymorphisms. The susceptibility to exposure can be evaluated by studying the most common polymorphisms of cytochrome P450, of glutathione transferases (including GSTM1, GSTP1, GSTT1); of acetyltransferases (NAT2) and paraoxonases (mostly PON1), which are mainly involved in the metabolism of organophosphorus compounds [48] . In the last years, several Authors focused their attention on glutathione-s-transferases (GSTs) family and paraoxonase (PON1, PON2, and PON3) family and literature data are continually being updated in this field [49] [50] [51] [52] [53] [54] .
Genetic heritage may increase susceptibility for the development of acute or chronic diseases, especially in subjects already exposed to other pollutants [52, [55] [56] [57] . This article aims to review recent literature data concerning the influence of genetic polymorphisms on pesticides-induced oxidative damage.
Methods
The material for this article was collected by examining the literature available in the PubMed and Scopus database. A search was performed using in combination the following keywords: pesticides AND polymorphisms OR pesticides AND genetic AND polymorphisms. The research was based on original research work and review documents related to the topic published mainly in the last 10 years. The relevance of the subject and the eligibility of all publications detected was evaluated basing on titles and abstracts. The reference lists of selected articles were further screened for relevance. Non-English studies were not taken into consideration.
Polymorphisms
Genetic polymorphism is the presence in a population of two or more alleles in a particular locus with a frequency greater than 1%. Individual differences in response to xenobiotics may result from the presenceof certain polymorphisms in genes that encode DNA repairing enzymes or phase I/II detoxificationenzymes. The occurrence of some allelic variants can protect a subject exposed to the effects of xenobiotics, or on the contrary make him more vulnerable. The ability to repair DNA is closely correlated with genetic polymorphism in genes that encode DNA repair enzymes. Genetic polymorphisms could therefore be associated with different levels of risk within the general population, since the proteins encoded by the various genotypes alter the biotransformation of the substrates. The impact of genetic polymorphisms concerning the biotransformation mechanisms of OPs or other endogenous and exogenous factors is today the focus of the scientific debate, with a view to better understanding pesticide metabolism, highlighting interindividual differences in metabolizing particular pesticides. This could be the reason behind a differential toxicity to exposure than normally expected. Studies on more extensive samples, even differentiated for ethnic groups, would be useful in this sense.
Cytochrome P450s
Cytochrome P450s (CYPs) family genes encode proteins that catalyze the biotransformation of several xenobiotic. Environmental toxic chemicals and carcinogens, such as some pesticides, can be converted into bioactive compounds capable to exert their toxic or carcinogenic effects. CYPs are one of the main enzyme systems in xenobiotic metabolism, playing a key role in activation of many chemicals. On the other hand, biotransformation can lead to a complete detoxification of substances, to facilitate their excretion. Individual's capability to metabolize toxicants can be influenced by genetic polymorphisms of CYP enzymes. The study of variant alleles in CYP enzymes may uncover susceptibility biomarkersto environmental toxicity [58] .
A recent study reviewed literature about correlation between exposure to organochlorines pesticides and CYP polymorphisms. The aryl hydrocarbon receptor pathway seems to be one mechanism of pathogenesis mediating induction of CYP metabolism. Variant alleles lead to altered metabolism of toxic compounds manifesting their genotoxic or carcinogenic potential [59] .
In an Egyptian sample of 30 subjects exposed to OP, the association of the genetic polymorphisms of PON1 Q192R and CYP2D6 G1934A and the enzymatic activity of PON 1 and the pseudo-cholinesterase enzyme (PChE) was evaluated. The Authors found that serum PChE enzyme levels were significantly reduced in patients with chronic exposure; moreover, the CYP2D6 1934A allele was significantly increased in the same subjects. These changes were associated with symptoms such as fatigue and motor weakness, headaches, tearing, depression, paresthesia and sleep disorders [49] .
Some authors determined the frequency of CYP2B6 and CYP2C19 polymorphisms in a cohort of pesticide applicators exposed to OP (chlorpyrifos), reporting a similar frequency with European and North American population. The prevalence of polymorphisms in enzymes involved in OP detoxification may facilitate the emergence of pathologies as a consequence of occupational exposure [60, 61] .
PON
PON family genes are located in region 21.3-22.1 (7q21.3-22.1) of the chromosome 7. The family include three proteins (PON1, PON2, PON3) exhibiting different activities. PON 1 plays a defense role against atherosclerosis due to its esterase and lipoprotein antioxidant activity. PON2 and PON 3 functions are less clear well than PON 1. They showed antioxidant and antiatherosclerotic properties like PON 1 [62] .
In the liver PON1 hydrolyzes organophosphates, which have been previously activated by cytochrome P450; polymorphisms in PON1 can affect the efficacy of the response to DNA damage in individuals exposed to OP [63] .
The PON1 192 Q(Gln)/R(Arg) polymorphism is responsible for a remarkable difference in the enzyme activity: the R variant has a higher paraoxonase activity, but it seems to be less efficient in protecting against LDL oxidation compared to PON1192 Q. Hypertension, coronary artery disease, stroke and Parkinson's disease, have been associated with R genotype, while the Q variant seems to provide better health conditions [64] .
A recent study investigated whether there was a correlation between DNA methylation patterns in blood cells, prenatal exposure to pesticides and PON1 Q192R genotypic expression focusing on cardiometabolic diseases in children. The authors observed that the presence of PON1 192R allele, in exposed to pesticides was associated with a differentDNA methylation profile compared to subjects with a PON1 192QQ genotype and not exposed, assuming that DNA methylation may be one of the mechanisms responsible for the risk of cardio-metabolic events in children carrying the PON1 192R allele prenatally exposed to pesticides. The main limitation of this research is the non-identification of the individual pesticides to which the subjects were exposed [65] .
In a Turkish sample of 54 subjects exposed to OP (Chlorpyrifos, Trichlorfon, Parathion and Malathion) the association of the genetic polymorphism of PON1 Q192R and the enzymatic activity of PON 1 and of the enzyme acetylcholinesterase (AChE) was evaluated. The Authors found the following genotypic frequencies of the PON1 192 Q / R polymorphism: 56.5% QQ, 34.2% QR and 9.3% of RR genotypes. Subjects with the PON1 192 R (+) genotype (QR + RR genotypes) showed a higher PON1 activity than the 192 R (-) (QQ) genotype. Then the activity of the AChE enzyme was investigated, showing a significant difference only in the group exposed to OP.Thus, the Authors conclude that the enzymatic activities of PON1 and AChE are different between exposed and not exposed, increasing in relation to the genotypic profile of the exposed subject [51] . Furthermore, a study carried out on placental villous samples showed that OPs are able to modulate the gene encoding the placental butyryl-cholinesterase (BChE), this up-regulation represent an adaptative response to environmental insults [66] .
Another study evaluated the correlation between exposure to organophosphorus pesticides and the presence of PON1 L55 M in the context of Parkinson's disease (PD). High exposures have been associated with faster progression of motor, depressive and cognitive symptoms, also taking into accountthe distance from the site of application of the OPs. Previous study demonstrated a significant association between the L55 M polymorphism and the risk of developing PD after exposure to OP [67, 68] . PON1 plays a key role in the metabolism of OPs but in detail it is not clear which is the mechanism underlying cognitive decline [69, 70] .
GST
Glutathione S-tranferases (GSTs) are enzymes involved in phase II drug metabolization participating in detoxification of xenobiotics or endogenous compounds. GSTs have a key role in the interaction between Glutathione (GSH) and the substrate. Genetic differences in expression and activity of these enzymes are due to polymorphic alleles. These polymorphisms alter GSTs activity and consequently susceptibility for toxic compounds [71] .
A case-control study investigated the role of the presence of GSTM1 and GSTT1 polymorphisms in fetal growth restriction (FGR) with regard to organochlorine pesticides exposure. Organochlorine pesticides (OCPs) and oxidative stress are reported as associated with adverse reproductive outcomes. Since the glutathione S-transferase (GST) family acts as a detoxifier of numerous toxins, including organochlorine pesticides, prenatal exposure to OCPS can alter fetal growth. The authors found that the frequency of the GSTM1-/ GSTT1-(null) genotype was significantly higher in FGR cases than in controls, suggesting that exposure to pesticides in pregnant women may be a risk factor for development of "idiopathic" FGR, a risk increased by the presence of the GST polymorphism [72] . A previous study had already highlighted the risk of exposure to organochlorine pesticides in women, increasing the biomarkers of oxidative stress and the risk of preterm birth [73] .
A study conducted by Gómez-Martín et al. evaluated the influence of the polymorphisms PON1, GSTM1 and GSTT1 in relation to the levels of N7-methyldeoxyguanosine (N7-MedG), used as a DNA damage marker, in 36 farmers professionally exposed to pesticides. N7-MedG levels were higher during periods of exposure to high doses of pesticides compared to the period of least exposure. Furthermore, the Authors showed that the levels of erythrocyte acetylcholinesterase and plasma cholinesterase were significantly decreased during the period of high exposure. In conclusion, the increased exposure to pesticides increases the levels of DNA alkylation, as proof of the genotoxicity of pesticides in humans. Additionally, subjects with genotypes such as null for GSTM1 and PON1 192R allele appear to have a higher risk of genotoxic DNA damage [54] . Exposure to pesticides causes an alteration of oxidative stress biomarkers and this alteration is also affected by the genetic structure of individuals. About that, a study conducted in Brazil studied numerous polymorphisms (OGG1, XRCC1 and XRCC4, PON, GSTT1, GSTM1, GSTP1, CYP2A6, RAD51) in relation to markers of oxidative stress, remarking that agricultural operators exposed to pesticides showed an altered antioxidant enzymes activity, which in the long term can promote the onset of chronic diseases [74] . Same Authors in a more recent study highlighted the central role played by OGG1 and XRCC1 in the repair mechanisms in a sample of 121 exposed farmers compared to unexposed. The exposure concerned both pesticide mixtures and nicotine, since they are workers on tobacco plantations. Polymorphisms of PON1 and SOD2 can alter the process of metabolizing xenobiotics. Such a genetic background, in professionally exposed subjects, increases cellular damage and alters DNA repair capacity [75] . A further study conducted in Brazil underlined the importance of using PPE. In 120 pesticide-exposed blood samples of farmers Authors first, assessed the presence of GST polymorphisms comparing to 115 control samples, in relation to poisoning events after exposure. Subjects with the GSTM1 genotype showed more intoxication events after exposure to pesticides, although only 45% of them used PPE. However, this association was not statistically significant. The Authors therefore conclude by stating that although no statistical evidence was found between the presence of polymorphisms and the poisoning events caused by pesticides, an important finding emerged regarding the correct use of PPE in the prevention of such events [53] .
Other studies have investigated the correlations between exposure to pesticides, presence of mutated GST alleles and specific pathologies: Siddarth et al. studied how polymorphisms of xenobiotic metabolizing enzymes increase pesticide accumulation aggravating renal dysfunction, demonstrated by a significant decrease in the estimated glomerular filtration rate [76] ; a case-control study conducted by Sharma et al. suggested a possible correlation with higher risk to develop urinary bladder cancer [77] ; Pinhel et al. suggested that GSTT1/GSTM1 polymorphisms could promote develop of Parkinson's disease concurrently to pesticides exposure [78] ; Fortes et al. describe GSTM1 null genotypeas a risk modifier for developing cutaneous melanoma [79] ; moreover an Indian study showed that GSTT1 null genotype may represent a protection factor against coronary artery disease while, on the other hand, the GSTM1 null genotype can play a key role in the development of the disease as it results in a total absence of the activity of this detoxification mechanism [80] . All these studies reach similar conclusions, or that the combination of these two elements, genetic polymorphisms and pesticides exposure, significantly modifies the risk of development of many diseases.
DNA repair gene polymorphisms
The x-ray repair cross complementing group 1 (XRCC1) protein and the 8-oxoguanine glycosylase 1 (OGG1) genes are involved in Base Excision Repair (BER) pathway, playing a key role in repairing DNA damage caused by environmental factors. Mutation in XRCC1 is directly proportional with the number of chromosomal aberrations [81] . OGG1 is located on chromosome 3p25 and its inactivation is associated with a M. Teodoro, et al.
Toxicology Reports 6 (2019) 564-570 Table 1 Genetic polymorphisms associated with human diseases in pesticide-exposed populations. reduced production of cytokines and chemokines leading to acute inflammation, conferring resistance to organ damage [82] .XRCC1 gene is located on chromosome 19q13.2, and interacting with OGG1 can increase its glycosylase activity [83] . Polymorphisms in these genes can significantly alter DNA damage fixing system. Other authors evaluated the effect of the haplotypes of the PON1, XRCC1 and hOGG1 genes on DNA damage of lymphocytes collected from farmers. The results demonstrate effective DNA repair for people with the Gln/Gln (PON1) + Arg/Trp (XRCC1) phenotype. Furthermore, the evaluation of the PON1 and hOGG1 genes showed an effective repair for the Gln/Arg + Cys/Cys or Ser/Cys phenotypes, respectively. Both combinations of the polymorphic PON1 gene involved in the metabolism of xenobiotics and related genes encoding enzymes involved in BER-like repair can modulate DNA damage resulting from exposure to pesticides. These results indicate that metabolizing capacity should be considered along with DNA damage repairing pathways when evaluating the individual susceptibility after exposure to xenobiotics [84] .
Another study conducted by Rohr et al. on lymphocytes from pesticide-exposed vineyard workers, evaluated both the separate and combined effects of polymorphisms in the PON1 (Gln192Arg), XRCC1 (Arg194Trp) and hOGG1 (Ser326Cys) genes on induction of lymphocyte damage. Authors showed significantly higher DNA damage in the exposed group when a less efficient OGG1Cys allele was present independently of the PON1 genotype. Analysis of the compared effect of XRCC1 and PON1 genotypes in the exposed group suggested that, among the poorly metabolizing PON1Gln/ Gln individuals, the XRCC1 Arg/Trp genotype has a protective effect with respect to MN formation. This indicates that enhanced XRCC1 function may provide some protection from the enhanced genotoxic risk associated with inefficient xenobiotic detoxification in the studied population.These results suggest the important role of enzyme polymorphism in response to DNA damage from pesticide exposure [64] . In contrast to these studies, other Authors denied the significant role of polymorphisms in DNA repair genes in pesticide-exposed populations. A significant increase in the presence of DNA damage in the cells of people exposed to pesticides was observed. However, no differences were found concerning hematological and lipid parameters or significant differences in DNA damage in relation to the different polymorphic variants of PON1, OGG1, XRCC1 and XRCC4 genes [85] .
Conclusion
Genetic polymorphisms can alter the effects of individual exposure to xenobiotics such as pesticides. Further research on the variability of many DNA repair genes and their combinations is of priority importance to assess their actual role as determinants of pesticide toxicity. Studies about the interaction between DNA repair genes and xenobiotic metabolism genes could also be the key to better understand the pathogenesis of pesticide-induced diseases. A good knowledge of these complex mechanisms could prospectively lead to the development of screening tests that would allow large-scale detection of susceptibility to exposure to pesticides or other xenobiotics. Improvement of preventive actions aimed to protection of most vulnerable subjects in both occupational and environmental settings may be the goal for the near future (Table 1) .
